Paschen's curve in microgaps with a hemi-ellipsoidal protrusion on the electrode surface is studied using a two-dimensional fluid model. The breakdown voltage is identified when the discharge enters the subnormal region, according to voltage-current characteristics. It is found that the breakdown in a microgap with a surface protrusion on the electrode can result in a combined Paschen's curve, which transits from long-gap (distance between the cathode and anode without the presence of protrusion) behavior at low pressure to short-gap (distance between the protrusion apex to the opposite electrode) behavior at high pressure. As gas pressure decreases, the length of the optimal discharge path increases, automatically moving from the top of the protrusion to its side surface and then to the wider non-protrusion electrode gap. The effects of the protrusion height and radius as well as the discharge polarity on the Paschen's curve are examined in detail. The effects of the protrusion aspect ratio on field enhancement are also considered. This work provides insights into the design of microgaps with controlled breakdown voltage across many orders in pressure via engineered electrode morphology. Published by AIP Publishing. https://doi.org/10.1063/1.5045182
Gas breakdown in microplasmas and microdischarges with characteristic lengths less than 1 mm is key in many applications, including micro-electro-mechanical systems (MEMS), micro-switches, and microchip devices.
1-3 Paschen's curve, which describes the breakdown voltage as a function of the combined parameter pd (gas pressure p Â gap distance d), under an often assumed uniform electric field, is an effective way to analyze the electrical characteristics of the macroscale gas gap. [4] [5] [6] [7] [8] In recent years, 3D printing technology enables increasingly complicated geometries in plasma devices down to the micron scale. 9, 10 Previous studies show that the discharge properties can be largely affected by the electrode geometry or surface roughness. [11] [12] [13] Controlling the electrode geometry in microgaps might be one effective way to control the system variability such as the voltage hold-off. Recent advances in diagnostics and modeling of complex plasma systems opened an opportunity to identify new characteristics of the gas breakdown in microgaps under direct-current (DC) fields and also other discharges. 14, 15 A DC microgap breakdown at atmospheric pressure is ignited and maintained by secondary electron emission when the gap distance is greater than $10 lm, whereas field emission becomes dominant when the gap distance is less than a few microns, especially with microprotrusions on the cathode surface. [16] [17] [18] It was found that the Townsend scaling law still holds for discharges in microgaps unless the field emission becomes dominant. [19] [20] [21] Characterizing a parallel-plane microdischarge at high pressure is not easy since discharge instabilities often occur, especially with the presence of the protrusion on the electrode surface. This surface protrusion usually leads to the enhancement of the local electric field. The field enhancement may not necessarily bring the discharge into the field emission regime unless the electric field reaches the order of 10 9 V/m. 22 For normal atmospheric discharges with hundreds of microns gap length, the electric field is usually in the order of 10 7 V/m and the discharge is still mainly sustained by the ion-impact secondary electron emission on the cathode. 23 A series of investigations of the modified Paschen's curve combining the secondary electron emission and the field emission were carried out in Refs. 23-28. However, even without the field emission, the protrusion will change the gap geometry and thus impact the electric field distributions and the charge fluxes, 12, 13 which may significantly change the shape of breakdown curves.
This work focuses on the impact of the electrode surface protrusion on Paschen's curves in microgaps. Using a twodimensional fluid model, the Townsend breakdown voltages in microgaps are quantified based on the voltage-current characteristics when the discharge enters the subnormal region with a negative differential resistance. The effects of the protrusion parameters, such as the protrusion height and radius, as well as the discharge polarity, on the Paschen's curves in microgaps are examined.
The schematic of the microgap is shown in Fig. 1 . A DC voltage U dc is applied to the anode through a ballast resistor R b ¼ 100 kX, while the cathode is grounded. The microgap consists of two plane-parallel circular electrodes with a single hemi-ellipsoidal protrusion on the cathode. The electrode protrusion results in the minimum distance, d min , from the tip to the opposite anode. The maximum gap distance, d max , is between the flat surface of the cathode and the anode. The coordinates are in the r-z plane, and R is the electrode radius. In all cases, d max ¼ 500 lm and R ¼ 1000 lm, and the impact of the aspect ratio of the microgap (related to the transverse diffusion) can be excluded since the sidewall is relatively far a)
Author to whom correspondence should be addressed: fuyangya@ egr.msu.edu from the axis. 13 The geometry of the protrusion is characterized by the protrusion height a and the radius b. Argon gas at room temperature 300 K (0.026 eV) is chosen as the working gas. In the cases studied, the discharge is sustained by ionimpact secondary electron emission at the cathode, where field emission can be ignored since the shortest distance d min is no less than 50 lm and the maximum effective electric field including the modest field enhancement of the hemiellipsoidal tip is much smaller than 10 9 V/m. [16] [17] [18] The normal flux of electrons emitted by the cathode is related to the flux of incident ions by an effective secondary emission coefficient c, which is fixed at 0.1. 29, 30 The equations of the model are solved self-consistently to reach steady-state, and the detailed description of the fluid model can be found in previous studies. [31] [32] [33] [34] Figure 2 shows the calculated breakdown voltage as a function of gas pressure for a microgap with a hemi-ellipsoidal protrusion (a ¼ 450 lm and b ¼ 200 lm) on the cathode surface, resulting in d min ¼ 50 lm and d max ¼ 500 lm (see Fig. 1 ). It can be seen that the Paschen's curve shifts from the lowpressure regime for the long gap (d ¼ 500 lm) to the highpressure regime for the short gap (d ¼ 50 lm). The lowest point of the Paschen's curve for parallel plate gaps (without protrusion) of d ¼ 50 lm and d ¼ 500 lm is about 1.0-1.5 Torr cm, which is close to the Paschen's minimum (Stoletov point) for argon. 35, 36 Although a more accurate description of the discharge may require the kinetic treatment of electrons, the current model is employed to understand the qualitative trends of the breakdown curves with the perturbation of the protrusion geometry. 37, 38 The cathode surface protrusion results in a combined Paschen's curve, which transits from long-gap behavior at low pressure to short-gap behavior at high pressure, resulting in relatively low breakdown voltages in a wider range of pressures. This is due to the migration of the major discharge path as the pressure changes, which will be explained below.
The discharge channels represented by the ion density near the cathode are shown in Fig. 3 with U dc ¼ 150 V. The gas pressures in Figs. 3(a)-3(d) are 500 Torr, 100 Torr, 50 Torr, and 10 Torr, respectively. At the high pressure, as shown in Fig. 3(a) , the discharge mainly occurs between the protrusion tip and the opposite anode, which is the shortest discharge path. As the pressure decreases, as shown in Figs. 3(b) and 3(c), the discharge follows a longer path and the cathode emission migrates along the protrusion surface. When the pressure is much lower, as shown in Fig. 3(d) , the discharge mainly occurs between the anode and the cathode substrate.
The self-adjusted discharge paths at different pressures can be explained based on the mean free path of electronneutral collision. According to Paschen's law, the Stoletov point with the lowest breakdown voltage is
where the constant A ¼ r en =ðk B T g Þ, r en is the electronneutral collision cross section, k B is Boltzmann's constant, and T g is the temperature of the neutral gas. 35 Substituting the ideal gas equation of state p ¼ n g k B T g and the mean free path of electron-neutral collision k ¼ 1=ðr en n g Þ, with n g being the neutral gas density, into Eq. (1), we obtain a linear relationship between the most effective discharge path and the electron mean free path
where the ratio C is expressed as C ¼ exp ð1Þ Á ln ð1=cÞ. Equation (2) tells that to obtain the lowest breakdown voltage U min , the discharge tends to automatically optimize its path, whose length is determined by the electron mean free path. As shown in Fig. 3 , as the pressure decreases, the electron mean free path increases, so does the effective discharge path length. Similar phenomena of the discharge path versus gas pressure are experimentally observed in Ref. 15 . For the combined Paschen's curve in Fig. 2 , in the right branch (at high pressure), the discharge tends to occur across the shortest gap distance d min , and the breakdown curve is close to that in the 50-lm parallel-plate gap. In the left branch (at low pressure), the discharge tends to occur across the longest gap distance d max , and the breakdown behavior is similar to that in the 500-lm parallel-plate gap. Between the two minimums (see Fig. 2 ), the discharge automatically optimizes its discharge path, which results in a flattened Paschen's curve having relatively low breakdown voltages close to U min in a wide pressure range. The effects of the protrusion height a and the protrusion radius b, as well as the discharge polarity, on the Paschen's curve will be presented as follows. The effect of the protrusion radius is shown in Fig. 4(a) , and the effect of the discharge polarity is shown in Figs.  4(b)-4(d) . The protrusion height a is fixed at 450 lm, and the protrusion radius b ranges from 200 to 600 lm. It can be seen in Fig. 4(a) that the difference of Paschen's curves caused by changing the protrusion radius is recognized in the left branch but less obvious in the right branch. In the highpressure regime, since the protrusion height a and the d min are fixed, the discharge occurs along the shortest path, not affected by the increase in the protrusion radius. Thus, the Paschen's curves overlap in the right branch. In the lowpressure regime, the discharge has a longer path and the ion-impact secondary emission mainly occurs on the cathode substrate, see Fig. 3(d) . When the protrusion radius is larger, the effective cathode substrate area for the ion-impact flux becomes smaller, which needs a higher voltage to ignite the discharge. Thus, in the left branch, the smaller the protrusion radius, the lower the breakdown curve.
In Figs. 4(b)-4(d), the effect of discharge polarity on the Paschen's curve seems minor. However, it still shows a tendency that with an anode protrusion, it has a slightly lower breakdown voltage in the left branch of Paschen's curve but a slightly higher breakdown voltage in the right branch. Similarly, this can be explained by the effective ion-impact flux on the cathode surface. At low pressures, the cathode effective emission area with an anode protrusion is larger than that with a cathode protrusion. Also, with an anode protrusion, the diverging (with respect to the center of the cathode) field lines (see Fig. 6 below) result in a higher ion flux toward the effective emission area of the flat cathode, whereas with a cathode protrusion, the diverging field lines towards the center lead to a lower ion flux toward the effective emission area of the flat cathode substrate. The combination of these two factors results in a lower breakdown voltage in the left branch for the anode protrusion cases. As shown in Figs. 4(b)-4(d) , the smaller the area of the flat cathode substrate, the larger the difference in the left branch caused by the discharge polarity. At high pressures, the discharge occurs between the protrusion tip and the opposite electrode. In this situation, the field enhancement should be considered. With a cathode protrusion, the electric field is enhanced near the cathode tip, and consequently, the cathode ion-impact flux becomes more efficient, whereas with an anode protrusion, the electric field is more enhanced near the anode with less space charge effect in the Townsend regime and then the cathode ion-impact flux is less efficient. Also note that at high pressures the discharge is contracted in the centre, and the electric field lines (see Fig. 6 below) towards the cathode center are converging with a cathode protrusion while diverging with an anode protrusion. Therefore, the breakdown voltage with a cathode protrusion is lower than that with an anode protrusion in the right branch. Since the field enhancements generally are not severe (within one order) here, the difference between the Paschen's curves caused by the discharge polarity is not large. The field enhancement decreases as the protrusion radius becomes larger and the polarity effect in the right branch gradually disappears, as shown in Figs. 4(b)-4(d) .
The effect of the protrusion height is shown in Fig. 5(a) , and the effect of the discharge polarity is shown in Figs.  5(b)-5(d) . In order to maintain roughly the same field enhancement while changing the protrusion height, the aspect ratio of the surface protrusion is fixed. 39 It can be seen in Fig. 5(a) that the impact of the protrusion height on the Paschen's curve is more distinguishable in the right branch and almost negligible in the left branch. This phenomenon can be explained in a similar way as before. The discharge at low pressure is determined by the longest gap distance d max which is the same for the cases in Fig. 5(a) . The discharge at high pressure is determined by the shortest gap distance d min which decreases as the protrusion height a increases. At a specific pressure in the right branch, the higher the protrusion, the smaller the d min and then the lower the breakdown voltage. The effect of the discharge polarity in Figs and S flux2 ). d max is directly determined by the parallel-plate microgap, while d min , S flux , and E en are closely related to the protrusion height a, radius b, and aspect ratio a/b, respectively. Whether d max and d min come into play depends on the gas pressure or more exactly the electron mean free path. For the discharge polarity effect, the difference of the field enhancement E en at high pressure and the effective cathode emission area S flux at low pressure should be considered to determine where the discharge occurs. Generally, by changing only the polarity for a given gap, i.e., when d min1 ¼ d min2 and d max1 ¼ d max2 , the larger E en and S flux can both result in lower breakdown voltages.
In summary, Paschen's curve in microgaps with a hemiellipsoidal electrode surface protrusion was quantified as the gas pressure varies from low to high pressure regimes, in which the discharges are dominated by the secondary electron emission and the field emission does not contribute. The surface protrusion on the cathode electrode results in a combined Paschen's curve, which transits from the long-gap behavior at low pressure to the short-gap behavior at high pressure, resulting in relatively low breakdown voltages in a wider pressure range. As the gas pressure transits from the low to the high pressure regime, the discharge automatically optimizes its discharge path to obtain the lowest breakdown voltage. At high pressure, the discharge occurring between the protrusion tip and the opposite electrode is mainly determined by the shortest gap distance as well as the electric field enhancement. At low pressure, the discharge occurring between the protrusion substrate and the opposite electrode is mainly characterized by the longest gap distance as well as the effective cathode emission area. This study elucidates key parameters for gas breakdown in microgaps with a surface protrusion over a wide range of pressures, which might be strategic to the design of microgaps with controlled breakdown voltage across many orders in pressure via the shaping of protrusions. Future work includes the effects of the shape of the surface irregularity and surface roughness on Paschen's curve. Since the majority of the studies on this topic are based on simulations, the corresponding experimental works are highly suggested. 
